Rotavirus entry is a complex multistep process that depends on the trypsin cleavage of the virus spike protein VP4 into polypeptides VP5 and VP8 and on the interaction of these polypeptides and of VP7, the second viral surface protein, with several cell surface molecules, including integrin ␣v␤3. We characterized the effect of the trypsin cleavage of VP4 on the binding to MA104 cells of the sialic acid-dependent virus strain RRV and its sialic acid-independent variant, nar3. We found that, although the trypsin treatment did not affect the attachment of these viruses to the cell surface, their binding was qualitatively different. In contrast to the trypsin-treated viruses, which initially bound to the cell surface through VP4, the non-trypsin-treated variant nar3 bound to the cell through VP7. Amino acid sequence comparison of the surface proteins of rotavirus and hantavirus, both of which interact with integrin ␣v␤3 in an RGD-independent manner, identified a region shared by rotavirus VP7 and hantavirus G1G2 protein in which six of nine amino acids are identical. This region, which is highly conserved among the VP7 proteins of different rotavirus strains, mediates the binding of rotaviruses to integrin ␣v␤3 and probably represents a novel binding motif for this integrin.
Rotavirus is the leading etiologic agent of severe diarrheal disease in infants worldwide (25) . The capsid of this nonenveloped virus is formed by three concentric layers of protein (9) , and the initial interactions of the virus with the cell surface are accomplished by the two proteins of the outermost layer: VP7, a glycoprotein that forms the smooth surface of the virion, and VP4, which forms spikes that extend from the surface of the viral particle (34) .
Rotavirus infectivity is increased by, and most probably depends on, trypsin treatment of the virus. This proteolytic treatment, which results in the specific cleavage of VP4 (88 kDa) to polypeptides VP8 (28 kDa) and VP5 (60 kDa) (3, 8, 10) , is not needed for the virus to attach to the cell surface (5) but for the virion to penetrate into the cells' interior (24) . The mechanism through which trypsin enhances virus penetration is not known; however, unlike uncleaved virions, the trypsin-cleaved virus can induce fusion from without in MA104 cells (11, 14) .
Rotavirus cell entry is a complex multistep process in which several cellular molecules have been implicated. It has been proposed that rotavirus strains that are sensitive to neuraminidase treatment of cells bind in the first place to a sialic acidcontaining receptor. After this initial contact, which is mediated by VP8 (12, 23, 39) , a second interaction with integrin ␣2␤1, which is apparently shared by neuraminidase-sensitive and -resistant strains, takes place (4, 38) . This interaction is mediated by the integrin-binding motif DGE present at residues 308 to 310 of VP5 (15, 38) , and it was recently shown that the I domain of the ␣2 integrin subunit is both necessary and sufficient for the binding of VP5 (27) . In addition to these two interactions, integrins ␣v␤3 and ␣x␤2, and the heat shock protein hsc70, have also been shown to be involved at a later step of rotavirus cell entry (16, 17, 19, 28) .
Integrins are a family of cell surface receptors that mediate the interaction between the cell surface and the extracellular matrix and also mediate important cell-cell adhesion events; these interactions play a crucial role in the regulation of cell proliferation, migration, differentiation, and survival. Integrins are transmembrane heterodimers composed of noncovalently associated ␣ and ␤ subunits. Human integrins contain at least 18 different ␣ subunits and 8 ␤ subunits, which form 24 different heterodimers. Each integrin heterodimer has distinct ligand-binding specificity and signaling properties. The integrin recognition motifs on several integrin ligands have been described, and it has been established that the integrin recognition sites can often been reduced to small peptide sequences (21, 33) . Several viruses and bacteria, which contain canonical integrin-binding motifs in their surface, take advantage of this family of proteins to gain access into the cell (36) . In addition, some viruses have been found to interact with integrins through nontypical sequence motifs (32) . Thus, although integrin ␣v␤3 has been shown to be involved in rotavirus cell infection at a postattachment step (17) , neither of the virus surface proteins contains the canonical RGD tripeptide-binding motif for this integrin (20, 22) ; accordingly, it has been previously shown that the interaction between rotaviruses and ␣v␤3 does not take place through the RGD-binding site of the integrin (17) .
We characterized the effect of trypsin treatment on the cellbinding characteristics of the sialic acid-dependent strain RRV and of its sialic acid-independent variant nar3. We found that, although both strains bound to the cell surface efficiently regardless of the cleavage status of VP4, the protein they used to attach to the cell was different depending on the virus strain and on whether VP4 was cleaved or not. The nar3 virus con-taining an uncleaved VP4 bound to the cell surface by interacting with integrin ␣v␤3 through a CNP sequence region on VP7. This interaction was also established by trypsin-treated nar3 and by both trypsin-treated and untreated RRV after their initial attachment to the cell surface through VP4. the optical density (OD) readings of the direct ELISA increased linearly up to 1.2 (data not shown).
Capture ELISA. To detect the amount of virus bound to cells, goat and rabbit polyclonal sera were used as capture (diluted 1:10,000) and detection (diluted 1:1,500) antibodies, respectively. The ELISA was performed essentially as described by Zárate et al. (39) . When the recombinant GST-VP8 and GST-VP5 proteins were used to compete virus binding, the antibody used for the detection step was MAb 159 directed to VP7.
Binding to integrins. Ninety-six-well polystyrene ELISA plates were coated with 100 ng per well of either integrin ␣v␤3 or ␣5␤1 (Chemicon) in PBS and incubated overnight at 4°C. To avoid nonspecific binding, 200 l of 1% BSA in PBS was added to the plate, followed by incubation for 2 h at 37°C. Different amounts of rotavirus nar3 or biotinylated peptides diluted in PBS containing 0.5% BSA were then added, followed by incubation for 1 h at 37°C. After this incubation, the plates were washed twice with PBS with 0.5% BSA, and the binding of biotinylated peptide was detected with streptavidin-peroxidase (1: 1,500) in PBS containing 0.5% of BSA; the amount of virus bound to the plate was determined with a rabbit anti-rotavirus sera (diluted 1:1,500) and an antirabbit immunoglobulin peroxidase conjugate (diluted 1:1,500). After incubation with the respective peroxidase conjugate for 1 h at 37°C, the substrate was added 
RESULTS
Trypsin treatment of RRV and nar3 virions does not affect their binding to the surface of MA104 cells. To evaluate the role of trypsin treatment on the binding of RRV and its sialic acid-independent variant nar3 to the cell surface, RRV and nar3 viruses were propagated in MA104 cells in the absence of trypsin, and the cell lysates were then divided in two parts. One was treated with trypsin (Tr virus), whereas the second was mock treated (NTr virus). After the protease treatment, the viruses were purified by CsCl gradients, and the TLPs obtained from each condition were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining (Fig. 1A) . NTr viruses had no detectable levels of VP5, whereas in the Tr virions the VP5 protein was clearly visible, and there was scarce, or no VP4, confirming the effectiveness of the protease treatment. The binding of these viral particles to cells was determined by a direct, nonradioactive assay, in which increasing amounts of purified viruses were incubated on a confluent monolayer of MA104 cells. The unbound virus was removed by three washes with ice-cold PBS-BSA, the cell monolayer was frozen and thawed twice, and the virus present in the cell lysate was determined by an ELISA as described previously (39) . As shown in Fig. 1B , the binding of Tr-and NTr-RRV and -nar3 viruses to MA104 cells was dose dependent and saturable. Both Tr and NTr viruses bound similarly to the cell surface, suggesting that the trypsin treatment did not affect the attachment of the virions to the cell surface.
NTr-nar3 virus binds to the cell surface through VP7. We have previously shown that Tr rotavirus RRV binds initially to the cell surface through the VP8 domain of VP4, and this binding was shown to be blocked by a recombinant glutathione S-transferase (GST)-VP8 protein (39) . In contrast, the binding of Tr-nar3 virus was not inhibited by GST-VP8 but was blocked by preincubation of the cells with a GST-VP5 protein (39) . To determine whether Tr and NTr viruses use the same protein to attach to the cell surface, we characterized the effect of the GST fusion recombinant polypeptides on the binding of RRV and nar3 virions treated or not treated with trypsin. For this, MA104 cells were preincubated with affinity-purified GST-VP8 or GST-VP5 proteins, and then a fixed amount of Tr or NTr viruses was added and allowed to bind for 1 h at 4°C. The amount of virus bound to the cell surface was determined by an ELISA. As expected, GST-VP8 competed for the binding of Tr-RRV as well as of NTr-RRV, without affecting the binding of Tr-and NTr-nar3 ( Fig. 2A) . Interestingly, GST-VP5 competed the binding of Tr-nar3, as reported earlier (39), but did not block the attachment of NTr-nar3, suggesting that NTr-nar3 might not be using either VP8 or VP5 to initially bind to the cell surface.
To further explore this observation, we analyzed the cell binding of NTr viruses in the presence of MAbs directed to VP7, VP8, or VP5 virus surface proteins. In these assays a fixed amount of virus was preincubated with the different MAbs for 
FIG. 2. Cell binding of Tr-or
NTr-RRV and -nar3 viruses in the presence of the recombinant proteins GST-VP8 and GST-VP5 or in the presence of MAbs to the viral proteins. (A) MA104 cells grown in 48-well plates were preincubated with 1.5 g of affinity-purified GST-VP8 or GST-VP5 proteins. After removal of the excess of protein, 500 ng of the indicated purified virus was added. The cells were further incubated for 1 h at 4°C, and the amount of cell-bound virus was determined as described in Materials and Methods. (B) Purified viral particles (500 ng) were preincubated for 1 h at room temperature with 50 g of the indicated MAbs to rotavirus proteins/ml. After this incubation, the virus-antibody mixture was added to a monolayer of MA104 cells, followed by incubation for 1 h at 4°C, and the amount of cell-bound virus determined. The data are expressed as the percentage of the virus bound when the cells were preincubated with PBS as a control. The arithmetic means and standard deviations for two independent experiments performed in duplicate are shown.
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1 h at room temperature, this mixture was then added to a cell monolayer, and the cell-bound virus was determined by an ELISA. All MAbs used reacted equally well with cleaved or uncleaved RRV and nar3 viruses as tested by an ELISA (data not shown). Figure 2B shows that MAbs 7A12 and 1A9 (directed to VP8) blocked the binding of both Tr and NTr-RRVs without affecting the binding of Tr-and NTr-nar3. MAbs 2G4 (directed to VP5) and 159 (directed to VP7) did not affect the binding of RRV. The binding of Tr-nar3 was blocked by MAb 2G4, whereas this antibody did not affect the binding of NTrnar3. Interestingly, MAb 159 to VP7 decreased the binding of NTr-nar3 by ca. 50%, whereas it did not affect the binding of any other virus. Altogether, these results suggest that unlike Tr-nar3, NTr-nar3 does not bind to the cell surface through VP5 but might use VP7 to initially attach to the cell. An antibody to integrin subunit ␤3 blocks the binding of NTr-nar3 virus. We and others have recently shown that integrin ␣v␤3 acts as postattachment receptor during rotavirus cell entry (15, 17) . To test whether the cellular molecule recognized by NTr-nar3 virions during cell attachment was ␣v␤3, we studied the effect of antibodies directed to integrin subunits ␤3, ␣2, or ␤1, or to integrin ␣v␤3, on the binding of Tr-or NTr-RRV and -nar3 viruses. Cells were preincubated with the different antibodies for 1 h at 4°C, and then a fixed amount of purified virus was added and allowed to bind to the cells. As expected, the binding of RRV virions (either Tr or NTr) was not significantly affected by any of the integrin antibodies tested (Fig. 3) . On the other hand, the binding of Tr-nar3, but not of NTr-nar3, was reduced by ca. 50% by the MAb to integrin subunit ␣2 (Fig. 3) , a finding consistent with the previous report that Tr-nar3 attaches to the cell surface by using integrin ␣2␤1 (38) . Two antibodies to ␤3 were tested; one of them recognizes an epitope conformed by the two subunits of the ␣v␤3 heterodimer, while the other only recognizes the ␤3 subunit. The antibody to ␣v␤3 did not block the binding of any of the viruses tested, whereas the antibody to the ␤3 subunit blocked the binding of NTr-nar3 by ca. 40%, though not affecting the cell attachment of the other three viruses. The MAb to integrin subunit ␤1, which was used as a negative control, did not modify the binding of any virus. These results indicate that, in contrast to Tr-nar3, the binding of NTr-nar3 is not only independent of VP5 but is also independent of integrin ␣2␤1; also, these data suggest that the initial interaction of NTr-nar3 with the cell surface is mediated by the integrin subunit ␤3.
A peptide that mimics a conserved region of VP7 blocks the binding of NTr-nar3 virus. As mentioned, the interaction of rotaviruses with integrin ␣v␤3 was shown to be independent of the canonical motif RGD present in the natural ligands of this integrin (17) . Hantavirus cell infection has also been shown to be mediated by ␤3 integrins and, as in the case of rotaviruses, this interaction is RGD independent (13) . In an attempt to identify the protein domain through which rotaviruses and hantaviruses interact with ␣v␤3, the amino acid sequence of the surface proteins of these two types of viruses was compared. Pairwise alignments of the VP4 and VP7 proteins of rotavirus RRV and the G1G2 surface protein of hantavirus L99 identified a region in VP7 (amino acids [aa] 161 to 169), which has 6 of 9 aa identical to a region in the G1G2 protein of hantavirus comprised between aa 759 and 767 (Fig. 4) . To study the relevance of this region, two peptides, one corresponding to the rotavirus VP7 region (named CNP) and a second corresponding to the G1G2 protein of the hantavirus L99 (named HANTA), were synthesized. As a control, a third peptide with the same amino acid composition as the CNP peptide but with different sequence (scrambled-CNP [sCNP]) was also prepared.
Since our previous experiments suggested that NTr-nar3 virions bound to the cell surface through VP7, we sought to determine whether this attachment was mediated by the protein region containing the CNP peptide. For this, cells were preincubated with the synthetic CNP peptide, its control sCNP, or the HANTA peptide for 1 h at 4°C. After removing the excess of peptide, the Tr-or NTr-RRV and -nar3 viruses were added, followed by incubation with the cells for 1 h at 4°C. The cell-bound virus was determined by an ELISA. As shown in Fig. 5A , both the CNP and the HANTA peptides decreased by ca. 50% the binding of NTr-nar3 virus but only slightly affected the binding of the other viruses. The control sCNP peptide did not affect the binding of any of the viruses tested.
Peptide CNP blocks rotavirus infectivity. To determine whether the region represented by peptide CNP was relevant for the infectivity of rotaviruses, the effect of this peptide and of peptide HANTA on the infectivity of RRV and nar3 was FIG. 3 . Cell binding of Tr-or NTr-RRV and -nar3 viruses in the presence of antibodies to different integrin subunits. MA104 cells grown in 48-well plates were preincubated with antibodies to the indicated integrin subunits for 1 h at 4°C, the excess of antibody was washed, and a fixed amount of purified virus particles (500 ng) was added to the cells, followed by further incubation for 1 h at 4°C. The cell-bound virus was determined as indicated in Materials and Methods. The antibodies used included polyclonal goat antibody to ␤3 (20 g/ml), MAb P4G11 to ␤1 (10 g/ml), MAb LM609 to ␣v␤3 (10 g/ml), and MAb P1E6 to ␣2 (10 g/ml). The data are expressed as the percentage of the virus bound when the cells were preincubated with PBS as a control. The arithmetic means and standard deviations for two independent experiments performed in duplicate are shown. tested. For these assays only Tr viruses were used, since the virions must be activated by trypsin to be infectious. Preincubation of the cells with the CNP peptide inhibited the infectivity of RRV and nar3 by ca. 35 and 45%, respectively (Fig.  5B) . Of interest, an inhibition of ca. 50% in the infectivity of both viruses was attained when the cells were preincubated with the HANTA peptide; the scrambled peptide used as a control for these experiments did not have any effect. The results of these experiments suggest that the region of VP7 represented by the CNP peptide might mediate the interaction between rotaviruses and integrin ␣v␤3. Since the hantavirusderived peptide was also able to interfere with rotavirus binding and infectivity, it is possible that both CNP and HANTA peptides bind to the same region of integrin ␣v␤3, thus preventing the rotavirus-␣v␤3 interaction needed for the cell entry of the virus.
The CNP peptide binds to purified ␣v␤3 integrin. To determine whether the CNP peptide was able to interact directly with integrin ␣v␤3, a solid-phase assay was performed. In this assay, the binding of biotinylated CNP or sCNP peptides to purified, immobilized integrins ␣v␤3 and ␣5␤1 (both of which recognize the RGD sequence in their natural ligands) was FIG. 5 . Effect of the synthetic peptides on the binding and infectivity of RRV and nar3 rotaviruses. (A) MA104 cells in 48-well plates were preincubated with 4 mg of each peptide/ml for 1 h at 4°C, the excess of peptide was removed, and 500 ng of Tr-or NTr-RRV and -nar3 viruses was then added, followed by incubation for 1 h at 4°C. The amount of bound virus was determined by an ELISA. The data are expressed as the percentage of the virus bound when the cells were preincubated with PBS as a control. The arithmetic means and standard deviations for two independent experiments performed in duplicate are shown. (B) MA104 cells grown in 96-well plates were preincubated for 1 h at 37°C with 4 mg of peptides CNP, sCNP, or HANTA/ml; the excess peptide was removed, and 2,000 FFU per well of either RRV or nar3 virus were then added and adsorbed for 1 h at 37°C. The excess inoculum was removed, and the infection was allowed to proceed for 14 h at 37°C. Finally, the cells were fixed and immunostained as described in Materials and Methods. The data are expressed as the percentage of virus infectivity obtained when the cells were preincubated with MEM as a control. The average numbers of foci representing 100% infectivity were 157 and 207 for RRV and nar3, respectively. The arithmetic means and standard deviations of three independent experiments performed in duplicate are shown.
FIG. 6. Direct binding of peptide CNP to purified ␣v␤3 integrin. (A) ELISA plates coated with ␣v␤3 or ␣5␤1 integrins (100 ng per well) were incubated for 1 h at 37°C with increasing amounts of biotinylated peptides. The amount of peptide bound to the plate was detected by a streptavidin-peroxidase assay. The amount of peptide added is plotted against the OD 490 reading obtained in the ELISA. (B) The indicated amounts of nonbiotinylated CNP or sCNP peptide were added to a 96-well plate coated with integrin ␣v␤3 for 1 h at 37°C. After this incubation, 2 mg of biotinylated-CNP peptide/ml was added, and the plates were further incubated for 1 h at 37°C. The biotinylated peptide bound to the well was determined with streptavidin-peroxidase as described above. The data are expressed as the percentage of peptide bound when the wells were preincubated with PBS as a control. The arithmetic means and standard deviations for two independent experiments performed in duplicate are shown. (Fig. 6A) , although neither peptide bound to integrin ␣5␤1. In addition, nonbiotinylated CNP was shown to compete the binding of the biotinylated CNP peptide to ␣v␤3, whereas sCNP did not displace its binding (Fig. 6B) , indicating that peptide CNP binds to integrin ␣v␤3 in a specific manner. The binding of NTr-nar3 to integrin ␣v␤3 is blocked by the CNP peptide. To determine whether rotavirus nar3 either treated or not treated with trypsin binds directly to ␣v␤3 integrin, an ELISA plate coated with either ␣v␤3 or ␣5␤1 integrin was incubated with increasing amounts of Tr-or NTr-nar3 virus, and the amount of virus bound to the plate was detected by using a rabbit polyclonal anti-rotavirus sera. NTr-nar3 virus was found to bind to purified integrin ␣v␤3 in a concentrationdependent manner but not to integrin ␣5␤1, whereas Tr-nar3 did not bind to any of the integrins tested (Fig. 7A) . To establish whether the binding of NTr-nar3 to ␣v␤3 was mediated by the region represented by peptide CNP, the ability of this peptide to compete for the virus-␣v␤3 interaction was evaluated. In this case, a plate coated with integrin ␣v␤3 was preincubated with different amounts of CNP or sCNP peptides, and then a fixed amount of NTr-nar3 virus was added. Increasing concentrations of peptide CNP, but not sCNP, were found to decrease the amount of NTr-nar3 bound (Fig. 7B) . Altogether, these results suggest that NTr-nar3 rotavirus interacts directly with integrin ␣v␤3, most probably through the CNP region of VP7.
The CNP-binding site on integrin ␣v␤3 is different from the RGD-binding site. To test whether the site of interaction of peptide CNP with integrin ␣v␤3 is different from that used by the RGD motif, we assayed whether these two peptides competed for binding to ␣v␤3 in a solid-phase assay. For this, an ELISA plate coated with integrin ␣v␤3 was preincubated with increasing amounts of either peptide HANTA or a synthetic peptide that contains the RGD sequence; a fixed amount of biotinylated CNP peptide was then added, and its binding was detected by using streptavidin-peroxidase. We found that whereas increasing amounts of HANTA peptide competed for the binding of peptide CNP to the integrin, the RGD peptide did not affect the binding of biotinylated CNP at any of the concentrations tested (Fig. 8, left panel) . These results were further confirmed in a reciprocal assay, in which the binding of a biotinylated RGD peptide in the presence of nonbiotinylated CNP or RGD peptides was evaluated. As expected, peptide CNP did not block the binding of the RGD peptide to ␣v␤3, whereas the nonbiotinylated RGD did displace its binding (Fig. 8, right  panel) . Taken together, these results indicate that the binding sites on ␣v␤3 integrin for the RGD and CNP peptides are different and suggest that the CNP peptide might represent a novel sequence motif for interaction with this integrin.
DISCUSSION
Although it is well established that trypsin treatment enhances, and probably is required for, the infectivity of rotaviruses, previous studies have shown that the attachment of the virus to the cell surface is independent of this proteolytic treatment (5, 24) . Recently, it was shown that the VP4 spikes of non-trypsin-treated particles of the simian rotavirus strain SA11 4F could not be visualized by cryoelectron microscopy, whereas these spikes became visible upon treatment of the virions with trypsin, suggesting that the cleavage of VP4 yields icosahedrally ordered spikes (6) and demonstrating that the spikes are structurally different in trypsin-cleaved and uncleaved virions.
Previous studies with trypsin-activated viruses have shown that the sialic acid-dependent virus RRV attaches to the cell surface by interacting with a sialic acid-containing cell receptor FIG. 7 . Binding of NTr-nar3 rotavirus to purified integrin ␣v␤3. (A) ELISA plates coated with ␣v␤3 or ␣5␤1 integrins (100 ng per well) were incubated for 1 h at 37°C with increasing amounts of Tr-or NTr-nar3 viral particles. The virus bound to the plates was detected with a rabbit serum against rotavirus. The amount of virus added to the plate is plotted against the OD 490 reading obtained for the virus bound. (B) Different amounts of nonbiotinylated CNP or sCNP peptide were added to a 96-well plate coated with ␣v␤3 integrin for 1 h at 37°C. After this incubation, NTr-nar3 virus (300 ng/well) was added, followed by further incubation for 1 h at 37°C. The amount of virus bound to the plate was detected with specific antibodies to rotavirus. The data are expressed as the percentage of virus bound when the ␣v␤3 integrin was preincubated with PBS as a control. The arithmetic means and standard deviations of two independent experiments performed in duplicate are shown. (26, 30) . On the other hand, the sialic acid-independent RRV variant nar3 was found to attach to the cell surface by interacting with integrin ␣2␤1 through a DGE motif located in the VP5 cleavage domain of VP4 (15, 38) . Sequence analysis of the RRV and nar3 genes encoding the virus surface proteins VP4 and VP7 showed that, although the amino acid sequence of VP7 was identical between the two viruses, the VP4 protein of nar3 differed by 3 aa from the parental RRV VP4 sequence. These amino acid changes were suggested to induce a slight conformational change in VP4, which allows the nar3 virus to bypass the interaction with sialic acid and bind directly to ␣2␤1 (31, 39) . In the present study we characterized the cell binding of RRV and nar3 viruses containing cleaved or uncleaved VP4 proteins. The cleavage status of VP4 did not modify the initial interaction of RRV with the cell surface, since both trypsintreated and untreated virus bound to the cell through VP8, presumably by interacting with a sialic acid-containing cell molecule. On the other hand, the initial interaction of nar3 with the cell surface was dramatically different depending on whether the virus had been treated or not with trypsin. NTrnar3 did not bind through the DGE domain of VP5, as Tr-nar3 did (Fig. 2) (39) , and in fact did not use the spike protein VP4 to attach to the cell but instead used VP7 to achieve this task. Altogether, these results suggest that the cleavage of VP4 is necessary to expose or stabilize the DGE domain present in VP5 and that in the NTr-nar3 particles the conformation of the VP4 spikes (which could be disordered and more flexible) might allow the virions to initially interact with the cell through VP7. These results also point to the remarkable flexibility of rotavirus particles to attach to the cell surface since, depending on the virus strain and the cleavage status of VP4, the virus can interact with a very similar efficiency (Fig. 1B) through VP8, VP5, or VP7. The relevance of the initial virus binding to the cell through VP7 during a natural infection is unclear, since the virions usually contain cleaved VP4 (29) ; however, in the present study it helped in the dissection of the virus-cell interactions during the process of virus entry.
Rotavirus cell entry is a complex process that involves several interactions between the surface viral proteins and the cell (1, 28) . Among the several cell molecules that have been involved as receptors or coreceptors during rotavirus infectivity is the ␣v␤3 integrin. Rotaviruses have been shown to interact with this integrin at a postattachment step, through a site in the integrin that is different from the site that binds the RGD motif present in the physiological ligands of the integrin (17) . In the present study we found that the attachment of NTr-nar3 virus to the cell surface is mediated by the interaction of a CNP region (see below) in VP7 with integrin ␣v␤3, and evidence was provided that this interaction occurs at a postattachment step, during the cell infection of trypsin-treated RRV and nar3 viruses. These findings confirm and extend those of Graham et al., who recently showed, by using reassortant viruses with one of the surface proteins derived from an integrin-dependent strain and the second surface protein from an integrin-independent virus, that the interaction of the virus with ␣v␤3 correlates with the presence of a VP7 derived from the integrinusing virus (15) .
Similar to rotaviruses, hantaviruses have been reported to interact with integrin ␣v␤3 during cell infection in an RGDindependent manner; thus, we explored the possibility that these viruses could interact with ␣v␤3 through a motif in common, one that is different from RGD. Comparison of the amino acid sequence of rotavirus and hantavirus surface proteins identified a 9-aa region in VP7, which shared a 67% identity with the G1G2 protein of hantavirus L99. The sequence of this region in VP7, which we named CNP, is highly FIG. 8 . The binding of CNP to ␣v␤3 integrin is independent of the RGD-binding site. Left panel, Different amounts of RGD or HANTA peptides were added to a 96-well plate coated with ␣v␤3 integrin for 1 h at 37°C. After incubation, a fixed amount (1 mg/ml) of biotinylated CNP peptide was added, followed by incubation for 1 h at 37°C. The biotinylated peptide bound to the well was determined by a streptavidin-peroxidase assay. Right panel, An ␣v␤3 integrin coated plate was preincubated with the indicated amounts of CNP or RGD peptides, and a fixed amount (1 mg/ml) of biotinylated RGD peptide was then added, followed by incubation for 1 h at 37°C. The amount of biotinylated RGD peptide was determined by a streptavidin-peroxidase assay. The data are expressed as the percentage of the peptide bound when the wells were preincubated with PBS as a control. The arithmetic means and standard deviations of two independent experiments performed in duplicate are shown. (30) or two (5) amino acid differences in this region. A synthetic peptide containing this conserved region (the CNP peptide) was shown to block the infectivity of RRV and nar3 strains, and the binding of NTrnar3 to MA104 cells, as well as to block the direct interaction of NTr-nar3 with ␣v␤3 in a solid-phase assay. Altogether, these results indicate that rotaviruses interact with ␣v␤3 through the CNP region located at amino acids 161 to 169 of VP7. It remains to be established whether hantaviruses also use the CNP region to bind to integrin subunit ␤3 and whether this region is important for hantavirus infectivity. Of interest, peptide CNP was found to bind to ␣v␤3 through a site different from the RGD-binding site; thus, the CNP peptide sequence could represent a new integrin ␣v␤3 binding motif. Based on the cryoelectron microscopy of virions complexed with Fab fragments of MAbs directed to VP8 (MAb 7A12) and to VP5 (MAb2G4), Tihova et al. (35) proposed a model in which the carboxy-terminal region of VP5 is located either close to or below the VP7 layer. The crystal structure of the sialic acid-binding domain of VP8 supports this model, since the structure of this domain fits the size and shape of the globular heads of the rotavirus VP4 spikes, as seen in a cryoelectron microscopy-based reconstruction (7). These findings indicate that the region of VP8 outside the characterized domain, as well as VP5, should form the "body" of VP4. Also in agreement with the proposed model, we have recently described that RRV and nar3 bind, at a postattachment step, to the heat shock protein hsc70, through a VP5 domain that is located toward the carboxy-terminal region of the protein (between aa 642 and 658) (37) . This information, together with the fact that rotaviruses contact integrin ␣v␤3 through VP7, suggest that after the initial contact of rotavirus with the cell surface through either VP8 or the DGE region of VP5 (which has been mapped close to the tip of the spike) or both, VP4 might experience a conformational change; this change could, in turn, allow regions of VP4 situated more distal to the globular heads of the spike (next to the smooth layer formed by VP7), and VP7 itself, to become closer to and have contact with cell surface molecules. Direct evidence for this conformational change, however, remains to be obtained. Also, it will be of interest to determine whether the interaction of VP7 with ␣v␤3 integrin favors directly the internalization of the viral particle or triggers a signaling pathway that in turn facilitates the entry of the viral particle into the cell's cytoplasm.
